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Abstract 9 
We have measured the kinetics of reaction between MgO and majoritic garnet at 20 GPa and 1773-10 
2123 K as a proxy for the reaction between perovskite and ferropericlase during mantle upwelling 11 
across the 660 km seismic discontinuity.  Ringwoodite forms a layer between MgO and garnet and, 12 
in the case of aluminous garnets the interface between ringwoodite and garnet develops a fingering 13 
instability resulting in a complex intergrowth at this interface.  By contrast, the MgO-ringwoodite 14 
interface is always planar for an initial planar MgO-garnet interface.  Two thicknesses are therefore 15 
defined; (1) a layer thickness, X1, which is the maximum thickness of ringwoodite which forms a 16 
plane-parallel bounded layer next to the MgO, and (2) an interface thickness , X2, which is the 17 
maximum extent of the intergrowth region away from the ringwoodite layer.  The growth of both of 18 
these regions can be described by apparent rate constants, ki, which are Arrhenius with   (  
 ) = -19 
6.36 ± 0.25 m2/s and E1 = 456 ± 40 kJ/mole for the ringwoodite layer, and   (  
 ) = -9.2 ± 3.3 m2/s 20 
and E2 = 371 ± 53 kJ/mole for the intergrowth region.  The fingering instability is caused by the 21 
incompatibility of aluminium in ringwoodite and its low chemical diffusivity in garnet which results in 22 
an increase of surface area at the ringwoodite-garnet interface to minimise the aluminium 23 
concentration at the interface.  The intergrowth region contains a fine-grained mixture of 24 
ringwoodite and garnet which coarsens very slowly with time.  This might result in a transient 25 
weakening of upwelling regions of mantle just above the 660 km seismic discontinuity allowing some 26 
viscous decoupling between the upper and lower mantle. 27 
Introduction 28 
The grain size of the lower-mantle is an important, but poorly constrained, geophysical parameter, 29 
controlling, among other things, its viscosity (in diffusion creep) and the relative importance of 30 
radiative versus lattice thermal conduction.   The grain size of the lower mantle was initially set by 31 
primary crystallisation from a deep magma ocean and has subsequently been modified by 32 
competing processes of grain growth and recrystallisation. Grain growth occurs in order to minimise 33 
the surface energy of the system whereas recrystallization occurs in response to deformation-34 
induced damage to grains or phase transitions as convecting mantle material passes between 35 
regions where different phases are thermodynamically stable (e.g. Solomatov and Reese, 2008).  The 36 
660 km seismic discontinuity is particularly important in this respect because, unlike most of the 37 
upper-mantle phase transitions, the ringwoodite ↔ perovskite + ferropericlase post-spinel reaction 38 
is a dissociation reaction where the kinetics of the prograde and retrograde reactions are 39 
fundamentally different.  The prograde reaction (during subduction and mantle downwelling) has 40 
been previously studied since it has significant implications for the cessation of deep seismicity in 41 
subducting slabs, as well as for their grain size and strength (Kubo et al., 2000; -2002; Yamazaki et 42 
al., 1996; -2009).  The dissociation of ringwoodite [(Mg,Fe)2SiO4] requires local diffusion of chemical 43 
species to form new grains of the equilibrium phases, perovskite [(Mg,Fe)SiO3] and ferropericlase 44 
[(Mg,Fe)O].  This diffusion can be on a very short length-scale (<1 m) and the reaction progresses 45 
on geologically short timescales but results in fine-grained intergrowths of perovskite and 46 
ferropericlase (e.g. Ito and Takahashi, 1989).  Hydrostatic experiments that studied the growth 47 
kinetics of the perovskite-ferropericlase assemblage have shown that this is sluggish (Yamazaki et al., 48 
1996), resulting in an inferred lower-mantle grain size of <100m. This conclusion has been 49 
questioned by subsequent studies: (1) Solomatov et al (2002) argue that the experiments were not 50 
sufficiently long to evaluate grain growth kinetics beyond the transient effects due to textural re-51 
equilibration of lamellar intergrowths produced by the eutectoid post-spinel reaction; (2) 52 
Experiments in which the analogue system Mg2SiO4 olivine plus MgO was deformed in superplastic 53 
creep (Hiraga et al., 2010) suggest that deformation might enhance grain growth through a process 54 
of grain-boundary sliding and grain switching;  (3) It has also been suggested, on the basis of (i) the 55 
temperature of the plume source region, (ii) the kinetics of grain growth from an early magma ocean 56 
and (iii) seismic tomographic imaging of wide plume roots, that deep-mantle plumes might have a 57 
significantly larger grain size than the ambient lower mantle (Solomatov, 1996; Korenaga, 2005). 58 
The retrograde reaction, from the lower-mantle assemblage perovskite + ferropericlase to the 59 
transition-zone assemblage ringwoodite + garnet (during mantle upwelling) requires diffusion on a 60 
much larger length-scale as macroscopic grains of perovskite and ferropericlase must recombine to 61 
form ringwoodite.  In this case, the reaction kinetics will be controlled by diffusion of chemical 62 
components through the layer of ringwoodite which forms at the interface between individual grains 63 
of ferropericlase and the surrounding (Mg,Fe)(Al,Si)O3.  This should result in a reaction rate which is 64 
strongly sensitive to the grain size of the lower mantle and, if the metastable ferropericlase + 65 
majoritic garnet assemblage has different seismic properties from the equilibrium ringwoodite + 66 
garnet assemblage, the position and form of the 660 km discontinuity might contain useful 67 
information regarding the grain size of the lower mantle.  A recent study (Shimojuko et al, 2014) 68 
investigated the kinetics of the reaction of perovskite plus periclase to ringwoodite in the simple Mg-69 
Si-O system and found the kinetics to be sufficiently fast that no discernable shallowing of the 660 70 
km seismic discontinuity should occur at plumes due to the kinetics of reaction.   71 
Reactions around 660 km depth in the Earth are complicated by the fact that the mantle is not a 72 
simple MgO-FeO-SiO2 ternary system; in particular the Al2O3 component is strongly soluble in 73 
MgSiO3 perovskite (and garnet) but not in ringwoodite (e.g. Hirose 2002). The composition of the 74 
mantle (in FeO-MgO-Al2O3-SiO2 space) falls between the ringwoodite (Mg,Fe)2SiO4 and perovskite 75 
(Mg,Fe)(Al,Si)O3 compositions, resulting in an equilibrium lower-mantle assemblage of perovskite 76 
plus ferropericlase and a transition-zone assemblage of ringwoodite plus garnet.  Upper-mantle 77 
composition (Mg0.9Fe0.1)2SiO4 ringwoodite decomposes to perovskite plus ferropericlase at 23.5 GPa 78 
and 1873 K, giving rise to the 660 km seismic discontinuity and the width of the three-phase loop is 79 
narrow, corresponding to less than 4 km in the mantle (Ito and Takahashi 1989).  By contrast, for 80 
more enriched compositions (eg pyrolite) and at higher temperatures appropriate to mantle plumes 81 
the equilibrium phase assemblage changes from ringwoodite plus garnet to ferropericlase plus 82 
garnet and, finally, ferropericlase plus perovskite with increasing pressure (eg, Hirose at al., 2002; 83 
Akaogi et al., 2002; Nishiyama et al., 2004).  This would result, in upwelling regions, in majoritic 84 
garnet being progressively exsolved from perovskite starting around 730 km depth until, at 660 km, 85 
the perovskite is completely transformed into garnet.  Thus, as ringwoodite becomes stable at 86 
pressures below 23.5 GPa the metastable starting assemblage is majoritic garnet plus ferropericlase.   87 
Here we present laboratory experiments to measure the kinetics of the reaction MgSiO3 (garnet)+ 88 
MgO = Mg2SiO4 (ringwoodite) in model iron- and alumina-bearing systems. 89 
Methods 90 
High-Pressure Experiments 91 
High-pressure experiments were performed in a 1000-ton split-cylinder multi-anvil press at the 92 
Bayerisches Geoinstitut using a standard 10/5 cell assembly described elsewhere (eg Dobson et al., 93 
2002).  Starting materials consisted of plates of single-crystal MgO, cored parallel to the [100] 94 
crystallographic direction to 1.2 mm diameter and double polished to a thickness of 100-200 m.  95 
These were packed between powders of different majoritic compositions in a ploycrystalline MgO 96 
capsule.  The axis of the MgO disc was oriented as closely as possible to be coincident with the 97 
capsule and furnace axes.  The majoritic composition powders comprised a (MgSiO3)0.95(Al2O3)0.05 98 
glass on one side of the MgO disc and a natural San Carlos enstatite of composition 99 
(Mg0.87,Fe0.08,Ca0.02,Al0.03)(Si0.97,Al0.03)O3 on the other side of the disc.  At the pressures of the 100 
experiments, these glass and enstatite components rapidly transformed to majorite garnet such that 101 
no untransformed material was observed in any experiment, even at the lowest temperature and 102 
shortest duration.  In most cases the MgO capsule was packed directly into a LaCrO3 furnace, 103 
resulting in strongly oxidising conditions, but for several experiments an outer Mo foil capsule was 104 
added to ensure that the oxygen fugacity was close to assumed lower-mantle values of iron-wüstite 105 
minus 2 log units (eg Otsuka et al. 2010).  No systematic difference in the reaction kinetics was 106 
observed between the un-buffered and buffered experiments.  Temperature was monitored using 107 
W-Re thermocouples inserted co-axially to the furnace with their hot-junctions terminating on a disc 108 
of rhenium foil placed between them and the end of the capsule.  In all cases the thermocouple 109 
junction was within 500 m of the MgO disc which was as close to the centre of the furnace as 110 
possible.  The MgO disc was therefore likely to have been 50-100 K hotter than the thermocouple 111 
reading: quoted temperatures have not been corrected for this.  Loaded cells were stored under low 112 
vacuum at 150 °C for 12 hours or more prior to high-pressure experiments in order to minimise 113 
contamination from adsorbed surface water. 114 
Experiments were performed by first compressing the cell to the pressure of interest (20 GPa) and 115 
then heating to the target temperature over a period of 30 minutes. The final approach to 116 
temperature from 1473 K was achieved in <10 minutes meaning that reaction during this stage was 117 
negligible compared to the duration of the experiments.  The temperature was maintained for 118 
durations of between 30 minutes and 2 days after which temperature was quenched by cutting 119 
power to the furnace.  Cells were slowly decompressed and sectioned for analysis, with the furnace 120 
axis contained in the plane of the section.  Experimental conditions and durations are presented in 121 
table 1. 122 
A further experiment was performed as above but using an alumina-free glass with a composition of 123 
(Mg0.85Fe0.1Ca0.05)SiO3.  This experiment was informative as regards the mechanism of mass transfer 124 
across the reaction zone (see below) but it was not used in determining the kinetics of the reaction. 125 
Analysis 126 
Polished samples were analysed by Raman spectroscopy for initial phase identification.  The polished 127 
surface of the cell was then coated with ~30 nm of carbon and imaged by back-scattered electron 128 
(BSE) imaging using a JEOL JSM-6480LV scanning electron microscope (SEM) at University College 129 
London at 15 kV accelerating voltage. Line-profiles of chemical composition were measured in the 130 
same SEM using Link ISIS software in scanning mode.  These are presented as raw X-ray counts 131 
without matrix corrections. Reaction rim widths were measured from between 5 and 10 BSE images. 132 
These agreed within error with rim widths determined from the compositional line-profiles.  Areas of 133 
reaction zones were determined by manually drawing around the ringwoodite layer and the areas of 134 
these drawings were determined using the ImageJ programme (Schneider et al., 2012).  In the rare 135 
cases where the backscattering contrast between the different phases was sufficiently strong to 136 
determine phases by automatic thresholding the image, the measured areas agreed with areas 137 
determined by drawing.  In order to investigate any possible topotaxy several samples were first 138 
chemically polished to high quality, using  0.03 m colloidal silica in an alkaline solution, then coated 139 
with a <5 nm layer of carbon and analysed by electron back-scattered diffraction (EBSD) in the X500 140 
CrystalProbe field emission gun (FEG) SEM at the University of Liverpool. Electron back-scatter 141 
diffraction patterns (EBSPs) were obtained using 20 kV accelerating voltage, 35 nA beam current and 142 
25 mm working distance. EBSPs were automatically indexed using the software package CHANNEL 5, 143 
and crystallographic misorientations were calculated between neighbouring data points with 0.25 144 
m grid spacing. Errors in the measurement of orientations are within ±0.5°. All EBSD analyses were 145 
carried out with simultaneous element mapping, using energy dispersive spectroscopy (EDS), so that 146 
measured crystallographic orientations could be associated unequivocally with each of the phases 147 
present.  Chemically polished samples were also imaged in forward-scattering geometry to produce 148 
orientation contrast images using the Leo 1530 FEG SEM installed at the Bayerisches Geoinstitut. 149 
Results 150 
Figure 1 shows scanning electron microscope images of the reaction region from experiment H2744 151 
(1873 K, 10.5 h; Fig. 1a,b), along with a compositional profile across the interface on the iron-bearing 152 
side of the sample.  There is a strong Z-contrast between the different phases, with MgO appearing 153 
dark, Mg2SiO4 (ringwoodite) intermediate and (Mg,Al)(Al,Si)O3 (garnet) light grey; iron-bearing 154 
samples (Fig. 1b) are lighter than iron-free samples (Fig. 1a).  The assignment of the different regions 155 
to MgO, ringwoodite and garnet is confirmed by the compositional profile (Fig. 1e), with (Mg+Fe)/Si 156 
ratios of 1 and 2 respectively for the light and intermediate regions.  The interface between the MgO 157 
and ringwoodite is sharp and planar, whereas ringwoodite and garnet form a complex intergrowth at 158 
their mutual interface.  This intergrowth is seen in all the experiments containing alumina in the 159 
starting garnet composition.   160 
Interface growth and instability mechanism 161 
Milke et al (2009) observed a complex interface between enstatite and quartz in quartz-olivine 162 
reaction experiments in a system where stress in the quartz matrix controlled the interface growth 163 
kinetics (see also Schmid et al, 2009).  While reduction of interface stress is a plausible mechanism 164 
for developing interfacial instabilities it is not the only mechanism.  We suggest that the complex 165 
intergrowth observed here results from a double-diffusive instability.  Figure 1e shows a 166 
compositional profile across the reaction zone shown in Fig. 1b.  The aluminium content of the 167 
ringwoodite in both the layer and the intergrowth region is below the detection limit, with 168 
aluminium contents in the garnet immediately adjacent to the ringwoodite layer of 10%, 2.5 times 169 
higher than the initial aluminium content.   As ringwoodite grows it consumes a majoritic (MgSiO3) 170 
component, expelling a residual pyrope (Mg3Al2Si3O12) component into the remaining garnet: 171 
xMgO + Mg3+xAl2Si3+xO12+3x = xMg2SiO4 + Mg3Al2Si3O12   (1). 172 
An increased pyrope content in the garnet reduces the chemical potential of majorite in the garnet, 173 
thereby inhibiting further reaction. Interdiffusion between majorite and pyrope garnets is extremely 174 
slow (van Mierlo et al., 2013) resulting in a reaction at the interface between garnet and ringwoodite 175 
which is rate limited by aluminium diffusion away from the growing interface.  In addition to 176 
interdiffusion within the garnet, the pyrope concentration at the growing ringwoodite interface can 177 
be reduced by increasing the area of the interface at which pyrope is expelled, resulting in a complex 178 
symplectite texture in the reaction rim.  We tested this model by performing one experiment in an 179 
alumina-free system which should have a planar reaction rim if the instability is double-diffusive but 180 
which should still have a complex interface if it is due to matrix stresses (Fig. 1c).  The interface 181 
between garnet and ringwoodite is a simple planar feature in this experiment, confirming that the 182 
symplectite texture observed here in Al-bearing experiments is due to a double-diffusive instability.  183 
The experiments performed here differ from those of Milke et al (2009) in one important respect: 184 
here we used parallel sided plates of MgO whereas Milke et al. used spherical grains in a reactive 185 
matrix.  The analysis of Schmid et al (2009) implies that matrix stress will dominate for small grains 186 
and diffusion will dominate for large grains. The surfaces of the MgO discs used in the experiments 187 
presented here may be described as having a very large radius of curvature, equating to large 188 
effective grain sizes. This supports the inference that complex intergrowth at the ringwoodite-189 
majorite interface results from diffusive processes. 190 
It is interesting to note that, at the highest temperatures investigated in our experiments, the 191 
intergrowth is less well developed, appearing as an undulating interface between garnet and 192 
ringwoodite, with occasional fingers of ringwoodite extending from the reaction rim (Fig. 1d). This 193 
could be due either to an increased solubility of aluminium in ringwoodite or to an increased 194 
interdiffusion coefficient in the garnet relative to the ringwoodite growth rate.  Ab initio simulations 195 
studies of cation disordering in ringwoodite (Panero, 2008) suggest that, in the P-T range of the 196 
current experiments, there could be up to 4%  anti-site occupancy (Si on Mg sites and Mg on Si sites) 197 
with the anti-site concentration varying by ~1% per 100 K.  This might also suggest that aluminium 198 
becomes increasingly soluble in ringwoodite at high temperature since aluminium cations have a 199 
volume and valency which is intermediate between magnesium and silicon.  The mean aluminium 200 
content of ringwoodite at 2123K was found to be 0.3 ± 0.06 wt %, compared with no detectable 201 
aluminium at lower temperatures. This might suggest that increased aluminium solubility in 202 
ringwoodite inhibits the development of the intergrowth region, however the aluminium 203 
concentration gradient in garnet in the high-T experiments is similar to that at lower temperatures. 204 
Ringwoodite growth kinetics 205 
In the case of diffusion controlled kinetics, the rate of growth of the interface is linear with the 206 
square-root of time (see Watson and Price (2002) for discussion of spinel growth in the MgO-Al2O3 207 
system).  In determining the kinetics of reaction involving growth of interface products it is therefore 208 
customary to present graphs of width of the reaction zone as a function of time.  However, for the 209 
complex interface encountered in the present experiments, such a representation is problematic: 210 
how is the reaction-zone width defined?  We chose to present two distinct parameters (Fig. 2a) 211 
defined as follows: (1) The minimum distance between MgO and garnet is measured in a series of 212 
images of the same interface in a given recovered sample.  The width of this pure-ringwoodite layer 213 
(X1) is quoted as the mean of these measurements.  (2) We also define a width of the ringwoodite-214 
garnet intergrowth region (X2) as the maximum extent of the ringwoodite away from the MgO, 215 
measured perpendicular to the MgO interface, minus X1 (Fig. 1a). As before, the mean intergrowth 216 
width for each experiment is obtained by averaging several measurements.   Throughout the paper 217 
we use the subscripts 1 and 2 to refer to the ringwoodite layer and intergrowth region respectively. 218 
The widths of the ringwoodite layer and the intergrowth region are presented in Table 1 and Figure 219 
2 and both show a linear dependence on the square-root of time, consistent with diffusion 220 
controlled growth.  At the highest temperature, reaction during the approach to the final 221 
experimental temperature is significant, resulting in positive values of X1 and X2 at zero time, 222 
however subsequent growth is linear with t1/2.  Converting these interface thickness measurements 223 
at each temperature into apparent rate constants, following the treatment of Tammann (1920): 224 
     
   
   
        (2) 225 
yields Arrhenius curves for growth of the ringwoodite, and ringwoodite-garnet intergrowth layers, as 226 
shown in Figure 3.  The pre-exponential factors and activation enthalpies for growth are   (  
 ) = -227 
6.36 ± 0.25 m2/s and E1 = 456 ± 40 kJ/mole for the ringwoodite layer, and   (  
 ) = -9.2 ± 3.3 m2/s 228 
and E2 = 371 ± 53 kJ/mole for the intergrowth region.  These activation enthalpies agree, within 229 
error, with the activation enthalpies of Si-diffusion in ringwoodite (Elat = 483 ± 94 kJ/mol, Egb = 402 ± 230 
88 kJ/mol; Shimojuku et al., 2009) and pyrope-majorite interdiffusion (E = 291 ± 51 kJ/mol; van 231 
Mierlo et al., 2013: E = 369 ± 47 kJ/mol Nishi et al., 2013).  It should be noted that, since the 232 
intergrowth region contains a mixture of reaction product (ringwoodite) and unreacted garnet, k2 233 
cannot be used to calculate a reaction rate, but rather describes the width of the intergrowth region.   234 
On the other hand, if the layer of ringwoodite reflects the consumption of MgO, as we argue below, 235 
k1 is a true rate constant and can be used to calculate rate of consumption of MgO in this system. 236 
The growth of ringwoodite at the interface between MgO and garnet, according to the simplified 237 
reaction: 238 
MgO + MgSiO3 = Mg2SiO4       (3) 239 
is kinetically inhibited in the experimental arrangement (and in the Earth) by a layer of product 240 
material forming between the reactants.  For the reaction to proceed reactant material must be 241 
transported across the growing ringwoodite layer; MgO can diffuse towards the garnet interface or 242 
SiO2 can diffuse towards the MgO interface as cartooned in figure 4, or a mixture of both can occur.  243 
In the case of magnesium diffusion (Fig. 4a), ringwoodite grows at the garnet interface according to 244 
reaction (3) and MgO dissolves into the ringwoodite at the MgO interface. Thus, while the MgO 245 
crystal is consumed by the reaction, ringwoodite does not grow at the point of MgO dissolution to 246 
fill the void left by the diffusing MgO volume.  Rather, the ringwoodite is produced at the interface 247 
with garnet, with a resultant local volume increase, and the entire ringwoodite layer must then relax 248 
in response to the stress gradient produced by dissolving MgO at one interface and growing 249 
ringwoodite at the other. 250 
In the case of silicon diffusion (Fig. 4b), however, ringwoodite is produced in equimolar ratios at both 251 
interfaces through the two half reactions, at the ringwoodite-garnet interface: 252 
2MgSiO3 = Mg2SiO4 + SiO2                 (4a); 253 
and, at the MgO-ringwoodite interface: 254 
SiO2 + 2MgO = Mg2SiO4                  (4b). 255 
In this case, the volume of the growing ringwoodite at both interfaces is more nearly balanced by 256 
the volume of the consumed reactants, requiring much less relaxation of the ringwoodite layer.  The 257 
continued growth with time of both the ringwoodite layer (X1) and the intergrowth region (X2) 258 
suggests that ringwoodite is produced at both the interfaces in contact with MgO and garnet, rather 259 
than just at the interface in contact with garnet (which would favour growth of X2).   260 
This is confirmed by the mass-balance between the ringwoodite in the layer and the intergrowth 261 
regions.  The ratio of the area of the ringwoodite in the intergrowth (A2) and the area of the 262 
ringwoodite in the layer (A1) as measured from SEM images is unity, within error, for all experiments 263 
except those at the highest temperature (Table 1).  This suggests that measured cross-sectional 264 
areas can be used as proxies for the volumes of ringwoodite in the layer and the intergrowth region 265 
since the cross-sections prepared from recovered samples were randomly oriented sections cut 266 
perpendicular to the MgO plate. Thus the volumes of ringwoodite are equal in the two regions in 267 
experiments up to 1973 K. This is consistent with diffusion of SiO2 controlling the reaction and the 268 
original interface between MgO and garnet being located at the transition between the ringwoodite 269 
layer and the intergrowth region at lower temperatures.  This is further supported by the Al-free 270 
experiment where the garnet starting glass contained a small amount of CaSiO3. This produces 271 
calcium-silicate perovskite at the pressure of the experiments which does not participate in the 272 
reaction and acts as an inert marker of the original interface. In this experiment, the CaSiO3 impurity 273 
grains are contained within the half of the ringwoodite layer in contact with garnet, but not in the 274 
half of the layer in contact with MgO (Fig. 1c) implying that in this experiment the original interface 275 
was located at the centre of the growing ringwoodite layer.  Furthermore, if the thickness of the 276 
ringwoodite layer produced in the Al-free experiment is halved it agrees well with the growth rate of 277 
the ringwoodite layers in the Al-bearing experiments (Figures 2 and 3) ie, the total growth rate of 278 
ringwoodite in the Al-free experiment is twice the growth rate of the ringwoodite layers in the Al-279 
bearing experiments.  This is consistent with diffusion of SiO2 controlling the growth of ringwoodite 280 
in this system.It is surprising that silicon diffusion controls growth of the ringwoodite when 281 
magnesium diffusion is much faster than silicon diffusion in ringwoodite (eg Farber et al., 2000), 282 
however the activation enthalpy of the rate constant and the mass balance at either side of the 283 
growing ringwoodite both argue strongly for silicon diffusion.  Possibly grain-boundary diffusion of 284 
silicon is faster than lattice diffusion of magnesium at the small grain sizes of the ringwoodite in the 285 
present experiments, but this hypothesis cannot be tested until magnesium diffusion coefficients are 286 
measured for ringwoodite.  A final possibility is that the slowest diffusing species is oxygen, in which 287 
case both Mg-diffusion and Si-diffusion will be active in the growing ringwoodite layer.  Due to the 288 
difficulty of accurately measuring the volume of ringwoodite in the intergrowth layer it is not 289 
possible here to unequivocally determine the dominant mass transport mechanism.  However, all of 290 
the observations are consistent with Si-diffusion being the controlling process. 291 
 292 
Growth Fabric 293 
Results from an electron-backscattered diffraction study of experiment H2742 (1973 K, 1h) are 294 
presented in Figure 5.  The MgO plate was broken into several large pieces during this experiment, 295 
resulting in 4 large MgO domains at the bottom of figure 5a (note that grains can be visualised as 296 
domains of distinct colour in all phases).  Ringwoodite in the layer next to MgO forms grains of up to 297 
5 m diameter (Fig. 5b) and tends to have phase boundaries with MgO in which ringwoodite (001) 298 
planes are closer to MgO (001) orientations than a random distribution (Fig. 5c), however the 299 
texture is not strong.  The mean grain size in the intergrowth region (Fig. 5d) is much smaller, at 300 
1.6±0.1 m and ringwoodite-garnet phase boundaries are closer to random than the ringwoodite-301 
MgO phase boundaries. Grain growth appears to be very slow in the intergrowth region, not 302 
changing significantly between experiments with different amounts of reaction, as seen from the 303 
orientation contrast map of the reaction region in experiment H2581 (1873 K, 30h), Figure 6.  The 304 
grain size of garnet away from the intergrowth region is larger than either the layer or intergrowth 305 
regions. 306 
Discussion 307 
Comparison with previous results 308 
Only one previous study has investigated the retrograde reaction across the 660 km discontinuity: 309 
Shimojuku et al. (2014) reacted MgSiO3 perovskite single crystals with MgO single crystals at 22.5 310 
GPa and 1800 °C.  Rim thicknesses and the derived reaction rate constant from Shimojuku et al. 311 
(2014) are plotted in Figures 2a and 3: they are comparable to, but somewhat slower than, those of 312 
the present study.  The apparent activation volume for the reaction rate constant can be calculated 313 
by combining the present data with those of Yoshino et al. on the assumption that the two studies 314 
are directly comparable.  This yelds a value of 17 cm3/mol, which is unreasonably large for defect 315 
migration in silicates and suggests that some factor other than pressure is causing the reduced 316 
reaction rate in the previous study compared to this one.  One possibility is that the presence of 317 
perovskite rather than garnet on the silica-rich side of the reaction couple reduces reaction rates by 318 
changing either the stress-field or the activities of the diffusing species in the ringwoodite layer.  A 319 
more likely explanation might be that the excess free energy of reaction is higher in the present, 320 
low-pressure, experiments resulting in a larger driving force for the reaction.   Shimojuku concluded, 321 
on the basis of Pt-markers which remained at the MgO interface during reaction, that the diffusing 322 
component was MgO. However Watson and Price (2002) found that Pt was prone to adhere 323 
preferentially to MgO resulting in a false attribution of Mg-diffusion as the mass transport process.  324 
For this reason we chose not to use Pt as the passive marker but, rather a system which produced 325 
CaSiO3 perovskite grains to act as passive markers.  In this case, the presence of CaSiO3 grains in the 326 
portion of the ringwoodite film closest to the garnet suggested that Si-diffusion contributed to the 327 
growth kinetics. It is possible that the controlling species is different for garnet-MgO and perovskite-328 
MgO reaction, although this seems unlikely. The diffusing species controlling ringwoodite layer 329 
growth is thus still open to debate, however this does not affect the following discussion regarding 330 
the kinetics of reaction and implications for the mantle. 331 
The kinetics of the retrograde reaction above the 660 km discontinuity. 332 
We now use the reaction rate for production of the ringwoodite layer to calculate the time that 333 
ferropericlase grains would persist metastably in regions upwelling through the 660 km 334 
discontinuity.  Given the mass-balance between the ringwoodite in the layer and intergrowth 335 
regions we can estimate the total volume of ringwoodite produced as twice the volume of the layer 336 
region.The volume of ferropericlase consumed is therefore related to the volume of ringwoodite in 337 
the layer according to the volumes of reaction: 338 
      ⁄    ̅    ̅            (5), 339 
where the -VFp and V1 are the volumes of ferropericlase consumed and ringwoodite produced in the 340 
layer and  ̅  ,  ̅   are the molar volumes of ferropericlase and ringwoodite.   The rate of 341 
consumption of ferropericlase in upwelling regions of mantle at 660 km depth depends on the 342 
geometry of the ferropericlase.  Here we consider two end-members: (i) a semi-infinite layer of 343 
ferropericlase bounded on both sides by garnet, corresponding to a mineralogically layered texture 344 
in the uppermost lower mantle, and (ii) a spherical grain of ferropericlase embedded in garnet, 345 
corresponding to randomly distributed MgO and perovskite in the lower mantle.  In both cases we 346 
assume that the garnet and periclase are weak media of infinite extent and ignore nucleation 347 
kinetics allowing us to consider only the diffusion problem. 348 
In the first case the rate of consumption of ferropericlase at each interface is, from (2) and (5): 349 
        √            (6). 350 
In the second case, the rate of consumption of spherical grains is given by Schmid et al. (2009): 351 
    
  
    
     
      
 
     
 
  
      (7),  352 
where the reaction rate constant, k1, includes the terms for the effective combined diffusivity of 353 
magnesium and silicon across the interface, the Gibbs free energy and the molar volume of 354 
ferropericlase in equation (10) of Schmid et al. (2009).  The variables rFp and r1 are the radii of the 355 
inner and outer edges of the ringwoodite layer at time, t, and V0 and X0 are the volume and radius of 356 
the ferropericlase grain at t = 0.  The radius at the outer edge of the ringwoodite layer is, from mass 357 
balance:  358 
   (
 (    {      }     )
  
)
   
     (8). 359 
Ferropericlase consumption for the two cases is presented as a function of time in figure 7 for 360 
reaction at 1873 K.  The reaction rate of spheres is significantly more non-linear in time than the 361 
reaction rate of sheets, with spheres initially reacting much faster than sheets; 50% reaction is seven 362 
times faster for spheres than for sheets with the same initial size, but 95% reaction is only twice as 363 
fast for spheres.  Seismic observations would therefore more readily observe the thickness of a 364 
layered texture around the 660 km discontinuity, where the effective reaction width is wider than in 365 
spheres of an equivalent size, than an isotropic texture: the effect of grain size on the width of the 366 
660 km seismic discontinuity will be addressed in a separate paper.  367 
Implications for the mantle above 660 km. 368 
The complex ringwoodite-garnet intergrowth texture observed in Al-bearing samples has 369 
implications for the grain size and (potentially) strength of the deep transition zone.  The reaction 370 
produces an inherited texture from the lower-mantle assemblage with ringwoodite replacing the 371 
original ferropericlase grains and garnet replacing perovskite.  At the interface between ringwoodite 372 
and garnet there is a fine-grained intergrowth zone which, in the present experiments, contains one 373 
half of the ringwoodite and is approximately 25 vol % ringwoodite, 75 vol% garnet. Ringwoodite 374 
comprises approximately 60 vol% of the deep transition zone suggesting that, if the mass balance 375 
observed here pertains to the retrograde reaction at 660 km depth in the Earth, all of the garnet will 376 
become included in the reaction intergrowth and this intergrowth will occupy 70 vol% (with 30% 377 
ringwoodite and 40% garnet) once the reaction is complete.  The reaction zone is likely to be less 378 
than 1 km thick for reasonable lower-mantle grainsizes (figure 7) and upwelling rates but regions 379 
consisting of the ringwoodite-garnet intergrowth will not readily coarsen due to Zener pinning (eg 380 
Hillert, 1965).  This will result in a region at the base of the transition zone which consists of 381 
ringwoodite grains (of similar size to the ferropericlase grains from which they were derived) 382 
embedded in a fine-grained mixture of ringwoodite and garnet.  The present experiments suggest 383 
that the grain size of perovskite is reset to a small value during mantle upwelling through the 660 km 384 
discontinuity, however the grain size of ferropericlase might persist as a palimpsest texture of 385 
ringwoodite porphyroblasts within a fine-grained ringwoodite-garnet matrix.  It might be possible for 386 
this texture to be preserved during ascent through the upper mantle, since the (Mg,Fe)2SiO4 387 
porphyroblasts will have a larger grain size, and will coarsen more quickly, than the  mixed-phase 388 
matrix.  This will result in the porphyropblasts being stronger than the matrix and, hence, they might 389 
survive shear deformation during mantle upwelling and exhumation.  Such palimpsest textures 390 
might be detected by variations in the trace-element chemistry between porphyroblastic- and 391 
matrix-olivine in appropriate xenoliths since the former would have originated from ferropericlase 392 
and the latter from perovskite. 393 
The present experiments also have implications for the rheology of the transition zone.  The 394 
observed grain size of the intergrowth (~2 m) is sufficiently small for diffusion creep to dominate, 395 
implying that the transition zone above 660 km in regions of mantle upwelling should be weaker 396 
than either the lower mantle or the overlying transition zone.  This region might be further 397 
weakened by reaction-mediated diffusion creep, which is not rate-limited by the slowest diffusing 398 
species (Wheeler, 1992; Bruhn et al., 1999; Sundberg and Cooper, 2008).  We speculate that 399 
weakening associated with mantle upwelling through 660 km depth might result in a degree of 400 
viscous decoupling between the upper and lower mantle as suggested from some inversions of the 401 
geoid, postglacial rebound and seismic tomography data (eg Mitrovica and Forte, 2004).  We 402 
emphasise here that the region of fine-grained intergrowth would have considerable lateral 403 
variability in its thickness, ranging from zero in regions of downwelling an being a maximum for 404 
rapidly upwelling regions of large lower-mantle grain size.  This is consistent with the analysis of 405 
Paulson and Richards (2009) who concluded that geophysical studies of radial viscosity structure in 406 
the mantle ‘are compatible with the existence, in at least some if not most geographical settings’ 407 
with a narrow region within the upper mantle with a very low viscosity.  The low-viscosity region 408 
atop 660 km invoked here might be most significant for upwelling plumes which have upwelling 409 
rates of several tens of centimetre per year (eg. Farnetani and Hofmann 2009) and which might be 410 
coarser than the surrounding mantle (eg Solomatov, 1996; Korenaga, 2005).  The increased plume 411 
temperature of, perhaps 500K hotter than the normal mantle, will act against these factors 412 
increasing reaction rates by one order of magnitude: this effect is small compared to the effect of 413 
the enhanced upwelling rate at plumes.   414 
Without further experimental studies it is difficult to estimate the thickness and strength reduction 415 
of such a layer.  However, if we assume that diffusion creep dominates for grain sizes of 10 m or 416 
less, using the grain-growth kinetics for pure ringwoodite (Yamazaki et al., 2005) the region with 417 
reduced strength would be approximately 1 km thick for mantle upwelling at a rate of 10 cm/year.  418 
This is likely to be a substantial underestimate of the thickness of the weak layer since it takes no 419 
account of the effect of Zener pinning on reducing grain-growth rates. Layers in the upper mantle 420 
with reduced  viscosity tend to reduce the diameter and increase the velocity of the upwelling plume 421 
in the low-viscosity region.  While there have been no studies of the effect of a very low viscosity 422 
layer of a few kilometres thickness, Leng and Gurnis (2012), found that low-viscosity layers placed 423 
within the upper mantle and transition zone tended to reduce the size of plumes reaching the 424 
Earth’s surface, with larger effects for thinner layers.   425 
Here we have considered relatively simple compositions in the Mg-Al-Si-O and Fe-Mg-Al-Si-O 426 
systems but it appears that the main effect on the reaction comes from the presence or absence of 427 
Al.  Our compositions with 3-5% Al2O3 encompass the alumina contents of pyrolite and MORB-source 428 
mantle and there was no difference observed in the behaviours of the different compositions.  We 429 
are therefore confident that the present results are applicable to both normal mantle and any 430 
enriched mantle component involved in deep-mantle plume-like upwellings.  In order to quantify the 431 
extent of the viscosity reduction in upwellings above 660 km depth further work is required to 432 
determine both the degree of weakening and the grain-growth rate in ringwoodite garnet mixtures 433 
produced by the retrograde reaction of perovskite plus ferropericlase to ringwoodite. 434 
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  541 
Figure Captions. 542 
Figure 1.  Scanning electron micrographs of reaction zones between MgO and garnet.  (A) Al-bearing 543 
reacted at 1873 K for 37800 s: (B) Al- and Fe-bearing reacted at 1873 K for 37800 s: (C) Al-free 544 
reacted at 1923 K for 7200 s.  Arrows in the enlarged  inset mark the CaSiO3 perovskite grains which 545 
indicate the position of the original MgO-garnet interface: (D) Al-bearing reacted at 2123 K for 36000 546 
s.  (E) Measured concentration profiles along the line marked in (B). 547 
 548 
Figure 2.  Measured reaction zone thicknesses plotted against time squared: (A) Layer thickness, (B) 549 
intergrowth thickness.  Both thickness measurements are linear with time squared, consistent with 550 
reaction controlled by bulk diffusion.  The triangles, labelled Y14, are from Shimojuku et al. (2014), 551 
for MgSiO3 perovskite-MgO reaction at 22.5 GPa.  552 
 553 
Figure 3. Arrhenius plot of apparent rate constant, k, for the ringwoodite layer and intergrowth 554 
regions. The circle is derived from the apparent reaction rate constants for Al-bearing samples at 555 
1973 K and Al-free samples at 1923 K; this datum is not used for deriving the Ahhrenius fit for the 556 
layer growth as it has a considerable error associated with the varying temperature and aluminium 557 
contents of the two experiments.  However, it is consistent with the other experiments suggesting 558 
that the kinetics of the growth of the ringwoodite layer is the same regardless of the aluminium 559 
content of the garnet.  The triangle, labelled Y14, are from the data of Shimojuku et al. (2014), for 560 
MgSiO3 perovskite-MgO reaction at 22.5 GPa. 561 
 562 
Figure 4.  Cartoon of ringwoodite growth under different limiting diffusion mechanisms: (a) Diffusion 563 
of MgO through the layer results in growth of ringwoodite at the garnet interface only. (b) Diffusion 564 
of SiO2 through the layer results in ringwoodite growth at both garnet and MgO interfaces.  A 565 
marker at the original MgO-garnet interface would remain in contact with MgO in the case of 566 
magnesium diffusion but would be included within the reaction zone in the case of silicon diffusion.  567 
Aluminous bulk compositions result in a complex intergrowth geometry at the ringwoodite-garnet 568 
interface (central region of the cartoon), whereas Al-free compositions have straight interfaces on 569 
both sides of the ringwoodite. 570 
 571 
Figure 5.  (a) Inverse pole figure map from electron backscatter diffraction (EBSD) measurements of 572 
the periclase-majorite interface region in experiment H2742 (1973 K, 3600 s). The map shows grain 573 
orientations relative to the X direction (horizontal) and it is colour-coded for crystallographic 574 
directions (see legend). Black areas indicate non-indexed zones. (b) Grain boundary map of the same 575 
area from EBSD measurements. Grain boundaries (>15° misorientation) are shown in black and sub-576 
grain boundaries (<15°) in blue. In all images white lines delimit phase and mixed phase boundaries. 577 
(c) Fabric relationships of phase boundaries between MgO and ringwoodite, and ringwoodite and 578 
majorite for (001)(001). The indexing of the garnet assumes that it is cubic, which is reasonable given 579 
the aluminium content of garnet in the intergrowth region (see, for example, Hunt et al., 2010). (d) 580 
Grain size distribution for the intergrowth region.  Grain sizes in the mixed ringwoodite-majorite 581 
interlayer are all <10 m and average < 2 m. 582 
 583 
Figure 6. (a) Orientation contrast image (OCI) of experiment H2581 (1873 K, 108000 s) which shows 584 
the grain structure in the interface region. (b) Grain size distribution for the intergrowth region. The 585 
grain size distribution is very similar to that in figure 6 (d) despite a factor two difference between 586 
the thickness of the intergrowth in the two experiments. 587 
  588 
 589 
Figure 7.  Consumption as a function of time for ferropericlase grains (dotted lines) and layers (solid 590 
lines) of different initial sizes in a pyrolitic mantle assemblage ascending through the 660 km 591 
discontinuity.  X0 is the initial radius (or half the layer thickness). The inset plot is for reaction of 592 
grains and layers with only one value of X0 plotted against linear time to show the strong non-593 
linearity of reaction rate of grains.  594 
  595 
Table 1. Temperature and duration of reaction, thicknesses of reaction layers and intergrowths, and 596 
area-ratios of layers and intergrowth regions in MgO-garnet reaction experiments at 20 GPa. 597 
Run # 
 
T (K) 
 
t (s) 
 
X1 (m) 
 
X2 (m) 
 
A2/A1 
 
H2743 1773 14400 1.5 (3)1 12 (3) 1.00 (8) 
H3252 1773 50400 3.0 (6) 23 (2) 1.7 (4) 
H3251 1773 154800 4.6 (7) 26 (3) 1.14 (9) 
H2697 1873 3600 2.6 (2) 13 (2) 1.0 (2) 
H2696 1873 14400 3.2 (5) 17 (3) 1.3 (1) 
H2744 1873 37800 4.0 (4) 22 (2) 1.0 (3) 
H2581 1873 108000 9 (1) 30 (4) 1.0 (1) 
H2742 1973 3600 4.2 (9) 14.6 (2) 1.06 (09) 
H2585 2123 (50) 1800 19 (4) 59 (5) 0.8 (2) 
H2587 2123 (50) 7200 23 (3) 49 (17) 0.29 (7) 
H2583 2123 (50) 36000 33 (2) 94 (12) 0.5 (1) 
MA1k/1345 1923 7200 10.2 (8)2 - 1.2 (2)3 
Notes:   598 
1Means of 5 to 10 measurements with 1 standard error values in parentheses (in the last digit of the 599 
mean).  600 
2In this Al-free experiment the layer and intergrowth regions produce a single layer (see text for 601 
details). 602 
3The boundary between layer1 and layer 2 is defined by the presence/absence of CaSiO3 grains. 603 
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